Abstract In this work LaNiO 3 perovskite-type oxide, prepared by a self-combustion method, was optimized for activity and stability as an anode material for water electrolysis. A full electrochemical study was conducted in order to kinetically characterize electrodes prepared using carbon paper as a base for porous gas-diffusion electrodes in alkaline media, regarding water oxidation and oxygen reduction reactions at room temperature. An electrode stability study was performed by potential cycling and at constant current density, using cyclic voltammetry and electrochemical impedance spectroscopy to check on stability after cycling with complementary scanning electron microscopy/energy dispersive X-ray spectrometry (SEM/EDS) analysis of fresh and degraded electrodes. Comparison was made using nickel foam as a support for LaNiO 3 deposition. Carbon instability in the potential region of interest contrasted with the lower contact resistance between the oxide and support of the Ni foam. Higher metal oxide loadings and dimensional stability were also possible.
Introduction
Regenerative fuel cells (RFCs) are promising energy storage systems for uninterrupted power supplies, which can provide very high energy storage at minimal weight, by combining an electrolyzer in which water is converted into hydrogen and oxygen by a primary energy source and a fuel cell. In this way, the recombination of the stored hydrogen and oxygen generates water and electrical energy in a dual mode system. Although RFCs are an appealing technology for meeting these energy needs, their development is still at an early stage. One key issue is the development of highly active electrocatalysts for both oxygen reduction and water oxidation [1] [2] [3] [4] [5] .
Perovskite-type oxides, with the general formula ABO 3 , are potential catalysts for next generation of RFCs. Nickel containing perovskite type oxides have been reported within the most active materials for oxygen evolution reaction (OER) in alkaline media and also with good electrocatalysts properties for the oxygen reduction reaction (ORR) [1] . In particular, LaNiO 3 has been recognised as one of the most promising oxygen electrodes.
Electrodes require an optimum design in order to facilitate mass transfer processes, containing apart from the catalytic active layer (CL), a gas diffusion layer (GDL). The latter brings the gaseous reaction media to the catalytically active layers, and at the same time establishes the electrical contact between the CL and the current collectors in the cell; they are often made of a carbon fiber material with a carbon sub-layer consisting of carbon particles and a hydrophobic binder. Gas diffusion electrodes (GDEs) have the advantage of presenting a highly developed three-phase boundary where the electrode reactions take place. GDEs also serve as a carrier of the catalysts ensuring a fast electron exchange reaction and provide a fast transportation of the reactants and the reaction products to and from the three-phase boundary. Usually, carbon black (Vulcan XC-72) is used as catalyst support, namely in PEMFCs. However, carbon black is known to undergo electrochemical oxidation under a fuel cell operating environment, especially at potentials above 0.8 V, with oxidation rate increasing with potential, leading to catalyst loss and fuel cell performance degradation [6] [7] [8] [9] [10] . The favorable electrochemical oxidation sets a practical limit on the lifetime of the carbon layers and the carbon in the supported catalyst [11] . Even though some studies have been conducted on the degradation of carbon supported catalyst, the durability issue of the GDL has been somewhat less explored.
The present study represents a continuing effort in the search for more active bifunctional electrode materials. We report herein a study on the electrochemical properties of LaNiO 3 prepared by the self-combustion method and used as electrode in the form of coating on nickel foam and carbon paper (CP) supports. A full electrochemical study is conducted in alkaline media, regarding water oxidation and ORRs at room temperature. Results of an electrode stability study, performed by potential cycling and at constant current density are discussed. Electrode degradation was assessed using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and scanning electron microscopy.
Experimental
Perovskite-type oxide LaNiO 3 was prepared by a selfcombustion method using citric acid, as previously reported [12] . Structural characterisation was performed by X-ray diffraction (XRD) using a Philips PW 1730 diffractometer, operating with Cu Kα radiation.
Electrodes were prepared on CP subtracts, consisting of a diffusion layer prepared from carbon black Vulcan XC-72 R with a loading of 2.5 mg cm −2 and a Nafion® layer. To fabricate the catalyst layer, an ink was prepared by suspending the oxide in isopropanol, and stirring in an ultrasonic bath for 10 min to thoroughly wet and disperse it. A 5 % Nafion® dispersion solution (Electrochem, Inc.) was then added to the mixture. The oxide inks were dispersed onto the GDL with a brush, and dried at 50°C, until an oxide loading (OL) of 5.0± 0.5 mg cm −2 was achieved. Finally, a Nafion layer was painted and dried at 50°C until a loading of 0.7 mg cm −2 was reached.
The films were also prepared by coating a nickel foam support (1.6 mm thickness, 95 % porosity), typically 0.5× 0.5 cm 2 , with a suspension of the oxide on Triton X-100 Fluke Chemie AG. After each application, the solvent was evaporated and the dried layer fired, in an oven, until temperature reached 400°C followed by a heating during 3 h at the same temperature. The samples were then mounted in a glass tube sealed with epoxy resin, with various OLs.
A conventional three-electrode glass cell was used for the electrochemical studies using a PARC model 173 potentiostat. The measurements were carried out at room temperature, using Hg/HgO/1 M KOH as reference electrode and Pt rod as counter electrode. A potassium hydroxide 1 M solution was prepared using Millipore Milli-Q ultrapure water. Prior to cyclic voltammetric measurements, the solution was purged with high-purity N 2 . The studies of the oxygen evolution (OER) and reduction (ORR) reactions were done under oxygen equilibrium conditions. Before the OER measurements, the electrodes were stabilized at 700 mV vs. Hg/HgO/1 M KOH for 5 min and the polarization curves recorded between 700 and −500 mV at a sweep rate of 1 mV s The difference in the scanned potential range is due to variations in the peak potential in the OER region, which is different for the studied substrates. The potential range of the cycles was defined as ±150 mV from the peak maximum. For the CP/LaNiO 3 electrode an extra 100 cycles were run, between −300 and 700 mV vs. Hg/HgO/1 M KOH at the same scan rate, covering the whole range of potential from ORR to OER. In order to evaluate the electrodes stability, a constant current density was applied during periods up to~50 h with simultaneous potential monitoring. In between ageing period's assessment of stability was done by CV and EIS. EIS measurements were performed using a frequency response analyzer (model 1250, Solartron) connected to an electrochemical interface (model 1286, Solartron). Impedance spectra were recorded at ten points per decade by superimposing a 10 mV rms ac signal typically over the frequency range from 25,000 to 0.001 Hz. Electrode morphology, before and after cycling, was observed using a scanning electron microscope (SEM) Philips XL 30 FEG model, with a field emission electron source, operated with acceleration voltage of 15 kV. The microscope is coupled with an energy dispersive X-ray spectrometry (EDS) microanalysis for qualitative elemental analyses. The EDS Si(Li) detector is equipped with a 3-mm super ultrathin window (SUTW) allowing detection of elements with low characteristic X-ray such as oxygen.
Results

Material characterization
The X-ray diffraction pattern obtained for the LaNiO 3 oxide powder allowed the identification of the perovskite-type phase, characteristic of the LaNiO 3 rhombohedral structure as previously reported [12] . Only traces of NiO were observed (less than 2 %). An average crystallite size of 30±3 nm was estimated using Scherrer's equation [13] .
The BET specific surface area value obtained by analysis of the nitrogen adsorption isotherms at 77 K was 10±1 m 2 g −1
for the oxide powder. This value is in the range of those found in the literature that varies from 4 to 25 m 2 g −1 depending on the oxide preparation method and thermal treatments [14] [15] [16] .
Voltammetric electrode characterization Figure 1 shows a representative CV for LaNiO 3 oxide supported on CP with OL=5.0±0.5 mg cm −2 , in N 2 -purged 1 M KOH solution at a sweep rate of 10 mV s . The background contributions from the CP are negligible, as it is shown by the CV for the oxide free support. One can see that the shape of the voltammogram is similar to those previously obtained by the authors for LaNiO 3 coatings on Ni foam [12] . The voltammetric profile is characterized, on the positive scan, by a peak centered at≈500 mV vs. Hg/HgO/1 M KOH, followed by a current rise due to oxygen evolution and on the reverse scan, by a peak and a shoulder appearing between 300 and 500 mV. These anodic and cathodic peaks, occurring just before oxygen evolution, are usually assigned to the Ni 2+ / Ni 3+ redox pair [17, 18] , although the formation of α-Ni(OH) 2 , which is unstable in alkaline solution and converts to β-Ni(OH) 2 , may also occurs on the perovskite surface. The oxidation of the two different forms of nickel hydroxide gives two other varieties of oxyhydroxides, with different reduction potentials, which may explain the existence of the cathodic peak and respective shoulder during the negative scan [19, 20] . Another cathodic peak is observed between −200 and −300 mV, it was assigned to the reduction of the oxygen produced during the anodic sweep [12] . This assignment is also confirmed by the appearance of a peak in the same potential range on the linear voltammogram presented in the inset, recorded in an O 2 -saturated 1 M KOH solution and starting at the open circuit potential.
In what concerns the broad anodic peak centred at ≈ −100 mV, it is interesting to note that it does not appear on the CV for LaNiO 3 coatings on Ni foam as can be confirmed in , respectively, are presented. In order to eliminate loading effects, the current intensities are normalized for the OL [21] . The absence of this anodic peak on the Ni foam oxide coatings could indicate either an oxidation of the oxide species catalyzed by the CP support or of the support itself. In accordance with Karlsson [22] , a heterogeneous reduction of the perovskite . Current normalized for the electrodes' geometric area takes place with the formation of La(OH) 3 and Ni(OH) 2 on the ORR potential range . However, no degradation of the LaNiO 3 compound was detected by XRD on the cycled electrodes (see Section 3.5). In line with this, experimental evidence the anodic peak centred at ≈ −100 mV could be assigned to changes in the GDL [23, 24] .This will be further discussed in Section 3.4, where a study on the cyclability and stability of the GDL supported on carbon substrate is presented.
Modifications in the GDL could also justify the shift of ≈ 150 mV, towards more negative potentials, observed for the oxygen reduction peak on the coatings on CP. Concerning the ORR an enhancement is observed, in the case of the coatings on the CP, clearly seen from the increase in the reduction peak current between −200 and −300 mV vs. Hg/HgO/1 M KOH.
Voltammetric curves recorded at different sweep rates (ν), between −50 and +50 mV vs. Hg/HgO/1 M KOH, were used to determine the surface roughness factor (R f ) through determination of the pseudo capacitance of the coating double layer (C cdl ) (inset in Fig. 3 ). This value was obtained from the slope of the i cdl vs. ν plot presented in Fig. 3 , using previously described procedure [12] . R f values were obtained by dividing C cdl average values for each electrode by 60 μF cm −2 assumed C cdl value for an ideal interface oxide/electrolyte solution [25] . A value of R f =292±10 was obtained. It should be noted that this value falls within the linear relationship encountered in previous study by the authors, when using LaNiO 3 coatings on Ni foam with OL varying between 20 and 140 mg cm −2 , and R f values ranging from 848±50 to 4260±60 [21] .
Oxygen reactions Figure 4 presents a Tafel plot corrected for ohmic drop, for a representative LaNiO 3 coating on CP. For comparative purposes a plot for a coating on Ni foam, with OL= 89 ± 5 mg cm −2 (R f =3455±100) is also shown. As it can be seen the current densities for the coating on CP are lower than those obtained on Ni foam which is justified by the different OLs, as previously referred. Table 1 lists the values of the kinetic parameters of the OER, estimated from the corresponding Tafel representations for the studied LaNiO 3 electrodes. The value 77±2 mV obtained for the CP/LaNiO 3 Tafel slope (b) contrasts with the value 45±3 mV for coatings of the same oxide on Ni foam supports [26] . The modification on the Tafel slope and transfer coefficient (nα) values could indicate at first sight a change on the OER mechanism. However the occurrence of decomposition of the CP support as the anodic process takes place is more likely [3] . In Table 1 , one can also see that the apparent exchange current density (i 0 ) is very much higher than that for Ni/LaNiO 3 . However it is worth mentioning that a comparison between i 0 values is not straight forward in this case, due to the differences in Tafel slopes and coating OLs. To overcome this problem an estimative of the current intensities, normalized either for the real surface area i 0 denotes exchange current density based on geometrical surface area; i a is the apparent current density based on geometrical surface area; i r (= i a /R f ) real current density based on real surface area; i * (=i a /OL) current intensity normalized for the oxide mass , are reported for LaNiO 3 layer deposited films on Pt [18] .
Preliminary studies were also performed on the CP/LaNiO 3 coatings performance towards the ORR. characteristic of charge transfer kinetics control, followed by a mixed control region and at higher negative potentials a welldefined limiting current is recorded. Data points from the kinetically controlled region of the CV were chosen for Tafel analysis. These data were corrected for mass transport effects by calculating the parameter i L i/(i L −i), where i is the current density at any potential and i L is the voltammetric limiting current density [29] . A Tafel plot log [i L i/(i L −1)] vs. E is shown in the inset where a well-defined linear region extending over two orders of magnitude in current density is observed. A Tafel slope of 44±4 mV and an apparent exchange current density of (1.1±0.2)×10 −13 A cm −2 were estimated from the respective Tafel representation. The Tafel slope value obtained in this work agrees quite well with those reported by Karlsson [22] , Matsumoto et al. [30] , Tiwari et al. [31] and Suntivich et al. [32] , that scatter over 45 and 60 mV. A higher value (≈120 mV) was found by Bursell et al. [15] . According to Suntivich et al., this variation is most likely related to the poorly controlled O 2 mass transport in the measurements using porous pellets or GDEs. The i 0 value obtained in this work is ≈ 10 times lower than that reported for LaNiO 3 pressed electrodes [30] .
Cyclability and stability
When focused on proposing electrodes for electrolysis, efforts are directed at the improvement of electrode stability. In order to evaluate the stability of targeted LaNiO 3 perovskite-type oxide electrodes, an accelerated life cycle, described in Section 2, was applied. Figure 6a and b show the cyclic voltammograms for the Ni/LaNiO 3 (OL, 62 mg cm
) and CP/LaNiO 3 (5 mg cm −2 ) electrodes, respectively, during the cycling protocol in 1 M KOH. After 50 cycles, for the Ni foam supported electrode, the peaks appear closer indicating an increase in the reversibility of the reaction and an activation of the electrode producing higher currents for oxygen evolution before 600 mV. Using the same procedure for the electrode supported on CP, it is evident that the peak potentials are lower than for the Ni foam electrode (Fig. 6b) . When following the cycling protocol up to 200 cycles no significant differences were found, even though the full voltammogram reveals a wider peak separation. Table 2 summarizes the peak potential and peak current density values associated to the number of cycles, as well as the peak separation (ΔE p ). The ΔE p values are larger for the Ni/LaNiO 3 coatings and decrease with cycling. On the other hand a clear increase is observed for the CP/LaNiO 3 coatings pointing to a deterioration of the electrode.
The EIS spectra of the two electrodes in 1 M KOH were recorded before and after the cycling, at −50 mV in the capacitive region ( Fig. 6c and d) . Each Nyquist curve shown displays a small arc at high frequencies (not shown) and a large semicircle at intermediate and low frequencies. The behavior of both electrodes is very different. While for the Ni foam electrode a capacitive behavior is observed and the variations after cycling are not significant, for the carbon supported electrode a full semicircle is observed with an increased diameter with increasing cycling.
Analysis of the results in terms of the capacitance vs. the real part of the impedance can be useful in the visualization of possible variations of conductivity within the catalyst layer and active area all in the same graph. The slope of the capacitance plot in the high frequency region is indicative of the conductivity within the CL and the limiting capacitance is proportional to active surface area [33] [34] [35] . A higher limiting capacitance normally means that a larger fraction of the CL is being utilized. In the case of the Ni foam supported electrode, variations after cycling were not significant. Active area seems to be maintained. However, an increase in conductivity is observed after 150 cycles (as shown by the steeper high frequency slope after cycle 150); see Fig. 6 . This is somewhat in agreement with the results obtained by CV.
In the case of the electrodes prepared on CP substrate with LaNiO 3 catalyst loading of 5 mg cm −2 , the capacitance plot (see Fig. 7 ) indicates changes in the CL resistivity [33] [34] [35] .
Nafion ionomer degradation and carbon corrosion possibly occur. The increase in the value of the limiting capacitance indicates an apparent increase in the total exposed surface area. In order to be able to confirm EIS data, a scanning electron microscopy study on the electrodes was conducted.
One of the most important factors for electrodes is the ability to maintain a stable potential with applied current. Figure 8 depicts the variation of potential with time for the Ni/LaNiO 3 and the CP/LaNiO 3 electrodes in 1 M KOH solution at a fixed current density of 100 mA cm −2 for 47 h. After an initial rapid increase in potential, evidenced by both electrodes, the foam supported electrode showed stable potential values with time while the CP supported electrode exhibits a slight increase with time and the potential is higher for the same current density.
R f values were also estimated using EIS. The double layer capacitance values for Ni/LaNiO 3 and CP/LaNiO 3 electrodes were estimated using EIS from data portrayed in Fig. 6c and d . The response of the system was analyzed by deconvoluting the capacitive and resistive contributions of the spectra by modeling the data using an equivalent circuit in which the capacitance was replaced with a constant phase element (CPE) in order to reflect the geometrical effect in an analogous manner as reported previously by the authors [12] . Low frequency impedance data were selected for the analysis [36] . Estimated CPE and C dl values as a function of OL were found and roughness factors estimated. Very little change is found in the values of R f with cycling for the Ni/LaNiO 3 electrode as expected from impedance plots shown in Fig. 6c , even though a tendency for a light increase is noted. More significant are the variations obtained for the CP/ LaNiO 3 electrode which are thought to be the result of carbon material oxidation; this will be further discussed taking into consideration the SEM/EDS and X-ray data presented in the next section. A comparison between Rf experimental values, estimated by EIS, and those calculated from the coating external region capacity (C e ), obtained by CV, are presented for the fresh GDE in Table 3 . EIS values are found to be lower than those obtained by CV but of the same order of magnitude.
XRD and SEM/EDS studies of the electrodes XRD patterns shown in Fig. 9 confirm that no degradation of the LaNiO 3 compound was detected by DRX after being used. The patterns of the new and used CP/LaNiO 3 electrode are identical, and all peaks were identified as LaNiO 3 and carbon of the CP support. A scanning electron microscopy (SEM) and EDS analysis of the electrodes was performed before and after cycling. No significant changes were observed for the foam supported electrodes in agreement with electrochemical data (not shown). Figure 10a ,b and c shows an SEM image of the support (CP), fresh and used electrodes, respectively, evidencing the surface roughening produced by cycling in the CP/LaNiO 3 electrode. This is probably related to the increase in current density observed after cycling. A loss of catalyst is indicated by EDS (see Table 4 ), which also indicates a higher % of carbon, probably coming from the GDL. Also detected is a slight loss of fluoride which hints towards loss of the Nafion® ionomer network, that acting not only as a binder but also as a transport pathway has important implications in the ionic and electrical conductivity of the catalyst layer. This is consistent with the increase in the total resistance of the electrode shown by EIS (see Fig. 6d ). An increase in hydrophilicity within the catalyst layer is also suggested by this result. Nafion® ionomer degradation could also affect the mass transport because it changes the catalyst layer microstructure affecting its porosity.
SEM observation of the electrode in cross section was also performed in order to provide greater detail about its morphology. Typical view is shown in Fig. 11a and b for the fresh and cycled electrodes, respectively. Observed also in the cross sections are the voids between the backing and the catalyst layers which correspond to degradation in the GDL, probably due to carbon corrosion. This has promoted the partial detachment of the catalyst layer (see Fig. 11b ). Carbon fibers in the gas diffusion backing provided by the CP are readily noticed. Judging by a closer observation of the carbon fibers (see Fig. 11c and d) , it is implied that, after cycling, the carbon fibers increased in diameter instead of diminishing, but this observation comes together with the presence of a residue in the gas diffusion backing. This is a representative morphology of eight different observations carried out along the cross section of the GDE. EDS spectra indicated less carbon and more fluoride and oxygen as well as the presence of potassium from the electrolytic solution as a component of the mentioned residue in the diffusion layer, as can be seen in Table 5 . The formation of carbonates within the layer is also a possibility accounting for the detected increase in oxygen.
In the absence of LaNiO 3 in the GDE, a series of voltammograms were run in N 2 -purged 1 M KOH solution at a scan rate of 100 mV s −1 , in analogous experimental conditions as the CP/LaNiO 3 electrodes (see Fig. 12a ). As already stated in Section 3.2, a broad anodic peak is evident at ≈ −100 mV, in the same potential range as the unassigned peak in the voltammogram CP/LaNiO 3 . Curves for the second and the 200th cycles are shown in the figure exhibiting a decrease of the peak current density with cycling. The peak may be assigned to the CP degradation that proceeds by the oxidation of carbon atoms, followed by hydrolysis, and then disproportion, with formation of stable surface oxides, carbon dioxide, carbonic acid and carbonates [23, 24] .
SEM observations of the GDL deposited on CP are presented, in cross section (Fig. 12b and c) before and after cycling, respectively. After 200 cycles, it is observed that the GDE has disappeared. The cross section only shows the carbon fibers that constitute the CP and the presence of residues (Fig. 12c) . However, it does not display the same amount of residue or covering of the fibers observed in Fig. 10c and d , when in the presence of the catalyst layer. In the latter case, the concentration of oxygen generated in the OER potential region is thought to contribute to the growth of residues, probably carbonates.
Due to carbon corrosion in the potential range for the OER, the GDL based on Vulcan carbon must be improved. Due to the stability demonstrated by LaNiO 3 , it could itself be used as part of the diffusion layer incorporating another active perovskite of the same family as the catalyst in a composite electrode. This idea has been recently put forward by Yuasa et al. [37] , which found excellent bifunctional activity in alkaline solution for a LaMnO 3 /LaNiO 3 composite.
Studies are in progress in order to evaluate LaNiO 3 as an anode in an electrolyser cell, as a GDE. The results will be compared with a commercial membrane-electrode assembly (MEA).
Conclusions
A simple method was used to prepare LaNiO 3 electrodes for utilization as anodes in alkaline electrolyzers, using Ni foam and CP as supports.
The Ni foam LaNiO 3 oxide coating presents the best performance as anodes for water electrolysis.
A simple stress protocol was implemented which revealed stability for the coatings on nickel foam and evident degradation for the coatings on CP after 200 cycles.
Cyclability and stability studies confirmed variations compatible with carbon corrosion at the potential of interests for alkaline electrolysis when using CP supported electrodes. , before and after cycling (second and 200th cycles) for the GDL on carbon paper (a). SEM cross-section image before cycling (b) and after cycling (c) An SEM/EDS study was instrumental in detecting voids between the backing and the catalyst layers which promoted the partial detachment of the latter.
Detected loss of fluoride from the Nafion® ionomer network within the CL appears in backing layers together with the presence of potassium from the electrolytic solution. This is thought to be compatible with the increased resistance found after cycling indicated by the EIS.
